INTRODUCTION
A nu~ber of publications have reported the delivery of vanous tobacco smoke constituents as a function of puff number and/or cigarette butt length (1) (2) (3) (4) (5) (6) . For deliveries reported on a per puff basis there is some theoretical justification for relating the logarithm of the delivery to the butt length and/or puff number at least for condensate (7) , carbon monoxide (8) and low molecular weight constituents sudt as N 2, 0 2, H 1, CH4 and C02 (9, 10) . For total deliveries an empirical yield formula has been advanced (11) to aid in data manipulation and interpretation. International comparison of total deliveries is made difficult by the fact that butt length standards are not uniform from country to country (12, 13) . Published stu~ies. have for .the most part tended to report the dehvenes of an Isolated dtemical constituent for one or more types of experimental cigarettes without specification of a functional relationship between dtemical delivery and butt length (puff number). The form of the functional relationship between dtemical delivery and butt length therefore must be known if accurate estimation is tO be made of delivery at a butt length other than the standard length. The present study was conducted in order to investigate the suitability of linear and log linear models to represent the relationship between dtemical deliveries (condensate, nicotine, total hydrogen cyanide (HCN) and carbon monoxide (CO)) and butt length. Two statistically designed experiments were employed to explore these relationships for ten major commercial brands of cigarettes.
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METHODS

Arndytical Procedures
Cigarettes were purdlased from wholesalers during March and April 1978 in five major cities across Canada and conditioned at 600/o relative humidity and 22 °C for a minimum of 48 hours before testing. Cigarettes were then smoked on a smoking machine under standard conditions (14) with the exception of butt length. Nicotine and water were estimated by a gas chromatographic procedure, and dry condensate deliveries were obtained by subtracting nicotine and water from total particulate matter (TPM) (13, 15) . Determination of HCN required modification of the Phipps and Bird 20-port smoking machine (Machine I) to accommodate trapping solutions direcdy behind each pon. Five cigarettes of a particular brand were smoked for analysis and the particulate matter was trapped on a Cambridge filter. The gas phase was led directly ~hrough a sintered glass frit fitted into a trap containmg 35 ml methanol thermostai:ed to 2 °C by a circulating bath containing 50fl/o ethylene glycol. Immediately upon completion of the smoking run, a 4 ml sample from each of the twenty traps was taken and placed in a sample cup, whidt was sealed with Parafilm and inserted into an AutoAnalyser sample turntable. 11te reactions employed are well established: the determination of HCN is based on the KOnig reaction in which cyanogen chloride (obtained from the reaction of Chloramine-T with HCN) reacts with pyridine to produce glutaconic aldehyde which in turn forms a coloured compound with pyrazolone. HCN yield is the sum of the gas phase deliveries 13, 14) . Butt length rather than puff number was chosen for the independent variable not only because international standards call for smoking the cigarette to a fixed butt length, but because puff number itself is dependent on cigarette construction and taking the same number of puffs on two cigarettes is unlikely to lead to the same butt length. With ten brands and five butt lengths, one full replicate of the experiment consists of fifty observations. It was decided to run four full independent replicates. The necessity of using two smoking machines complicated the experimental design since each machine-required a separate procedure for butt length adjustments.
Design for Machine I (Phipps and Bird)
Estimates for condensate, nicotine and HCN were obtained with the Phipps and Bird 20-port smoking machine. The butt length can be controlled independently for each port within a run of this machine. Thus there were no physical restrictions on the experimental design for these three parameters. The four full replicates were completed in ten runs with one full replicate being run on each of ports 1-5, 6-10, 11-15 and 16-20. The 50 brand X butt length combinations were assigned to ports completely at random within each replicate.
Design for Machine ll (Filtrona 300)
CO deliveries were estimated using a Filtrona 300 twenty-port machine. Since in this case butt length adjustment of individual ports was not possible, it was necessary to smoke to only tV{O randomly chosen butt lengths per run (one for ports 1-10 and another for ports [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The first complete replicate consisted of randomly permuting the five butt lengths over runs 1-5 on ports 1-10; the ten brands were then assigned to ports completely at random within each run of a given butt length. The other three replicates were completed by following the same procedure on runs 1-5 for ports 11-20 and on runs 6-10 for ports 1-10 and 11-20. A new randomization was used each time for the assignment of butt lengths to runs and brands to ports within runs. The restriction on completely random assignment of brand X butt length combinations to ports within replicates must be taken into account in the analysis: details on the appropriate "split-plot" or "nested" analysis can be found on pages. 369-373 of (17) .
RESULTS AND STATISTICAL ANALYSIS
The analyses of variance for the experimental results are given in Table 2 for condensate, nicotine and HCN and in Table 3 for CO. Both tables contain analyses of the results as measured (arithmetic scale) and after transformation to a logarithmic scale. Note that, because of the split-plot design, the CO analysis has two error terms: the whole-plot error wh1ch is the mean square that must be used .in testing for replicate and butt length effect.; and the split-plot error to be used in testing brand effects and the interaction of brands with butt lengths. Both wet and dry condensate results were analysed in a similar manner, the characteristics were essentially the same in both instances. Wet condensate results are presented here. vs. buH length. Since brands were chosen on the basis of distinctly low, medium or high-condensate levels (see Table 1 ), it is not surprising to see that the main effect of brands is highly significant on both scales for all four parameters. The consistently significant butt length effect is also to be expected. Of greater interest is the consistently significant interaction. Details of a thorough study of this interaction are presented in Table 7 and will be discussed later. The degree of curvature in the relationship between each of the parameters and butt length was studied using orthogonal polynomials as described on pages 460--465 of (17) . The main effect of butt length (4 degrees of freedom) was split into linear component (1 degree. of freedom) and a lack of fit component (3 degrees of freedom) for condensate, nicotine and HCN (Table 2 ) and into linear, quadratic and lack of fit terms for CO ( Table 3 ). The corresponding mean squares and significance levels for these two components of the main effect of butt length are reported below the corresponding mean square term for butt length in Tables 2 and 3 .
Although there are strongly significant departures from linearity for the variation of both condensate and eo with butt length on an arithmetic scale, there is no evidence that there are significant departures from linearity on the logarithmic scale. The opposite is true for nicotine delivery which departs significantly from linearity on the logarithmic scale but does not on the arithmetic scale. Figures 1-3 depict the variation of each of the parameters with butt length using the scale on which the parameters appear to vary in a linear fashion as determined above. HCN seems to depart significantly from linearity on both scales. Examination of quadratic and higher order orthogonal polynomials for HCN did not suggest any consistently smooth curve shape on either scale, thus HCN is plotted on an arithmetic scale in Figure 4 . It can be seen that the fluctuation of the HCN values about the regression line is much more erratic than for the other three parameters ( Figures 1-3) ; there certainly is no hint of a consistent, smooth curve. Because of the significant brand and butt length interactions (see Tables 2 and 3 ), a study of the linearity on each scale was done for each brand individually. The results of this analysis are summarized in Table. 4. These results provide further evidence that condensate and CO are consistently linear on a logarithmic scale with nicotine being consistently linear on an arithmetic scale. It Table 4 . Number of brands displaying significant lack of fit. is however interesting to note that relatively few individual brands show lack of fit on the alternative scale especially for condensate and nicotine. One possible explanation is that tests for individual brands are less sensitive than the overall test reported earlier. This may be the reason why we found no evidence of a significant departure of the HCN results from linearity on either scale for the individual brands (see Table 4 ). Further evidence that condensate does not vary with butt length in the same manner as nicotine is provided in Tables 5 and 6 . Table 5 gives the result of an analysis of variance of the ratio of nicotine to condensate for the ten brands. The significant difference in this ratio from brand to brand is not surprising. Of greater interest is the significant difference in this ratio for different butt lengths and, as evidenced by the lack of significant interaction, the fact that the pattern of variation in the nicotine : tar ratio with butt length is consistent across all ten brands. Table 6 gives the average, over all brands and replicates, of the nicotine : tar ratio for each of the five butt lengths. It can be seen that while the ratio is consistent for the longest three butt lengths it starts to fall off at 30 mm and has dropped considerably at the 23 mm butt length. This observation is consistent with the conclusion that while nicotine continues to increase in a linear manner as the cigarette is smoked to a shorter butt length, the condensate level (the denominator of the ratio) starts to increase more rapidly as shorter butt lengths are reached. Table 7 presents a thorough breakdown of the sums of squares corresponding to the brand main effect and the brand by butt length interaction. These two sums of squares have been broken into components that test spe- 
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cific hypotheses regarding brand differences using orthogonal contrasts as illustrated on pages 346-349 of (17) . Comparison of both average levels and of slopes in the relationship between the parameter and butt length are included in the table. In each instance comparisons are made between the overall average levels and slopes between the three condensate level groups, between subgroups within the groups and between brands within subgroups. Again high significance levels of the differences between average levels are not surprising and have been included mainly to indicate that very specific hypotheses regarding the nature of average treatment differences can be tested using orthogonal contrasts. 11te breakdown of the 36 degree of freedom interaction terms into tests for differences in slopes is of more general interest. With the exception of CO, there is generally quite strong evidence of significantly different average slopes between the major (condensate level) brand groups. However within brand groups the only consistently significant slope differences are between king size and regular cigarettes. Since the sums of squares for the remaining 27 degrees of freedom for interaction are not significant for any of the four parameters, the significant slope differences account for all of these interactions. 11te significant interactions have been represented in Figures 1  to 4 by non-parallel straight lines.
DISCUSSION
Papers by Byckling (6) and Curran and Kie/er (4) provide a theoretical basis in support of different functional relationships for condensate and nicotine delivery on butt length. Byckling suggests that the filtration power of the tobacco rod declines with increasing length for nicotine but is independent of length for condensate (6) . Cu"an and Kiefer demonstrate that filtration is a dynamic process and that portions of total particulate matter (TPM) and nicotine are captured and subsequently eluted as the burning zone advances down the tobacco column (4), Since TPM is eluted to a lesser extent than nicotine, TPM accumulates and is released in the later puffs only at the point where the burning zone reaches the deposit. Nicotine on the other hand is eluted puff by puff and hence does not build up to the same extent as TPM. It is not surprising then to find a marked increase in TPM with the later puffs. Furthermore the data of Curran and Kie/er (4) seem to support our conclusion for condensate and nicotine in that a plot of TPM vs. puff number seems linear with 'rPM on a logarithmic scale, while nicotine vs. puff number seems linear with nicotine on an arithmetic scale. Plots of TPM and log nicotine display definite curvature. Similarly plots of Byckling's data (6) demonstrate the linearity of an arithmetic relationship for nicotine and a logarithmic relationship for TPM vs. butt length particularly for the range of butt length similar to that in this study. 11tus there is both theoretical and empirical support of a logarithmic model for TPM (and condensate) and an arithmetic model for nicotine.
Baker and Crellin (8), Muramatsu, Mikami, Naito and Tomita (9) and Owen and Reynolds (10) provide a sound theoretical basis for a logarithmic functional relationship between CO delivery per puff and butt length or puff number. Although dilution is shown to be an appreciable factor influencing CO loss in the case of cigarettes with perforated paper (9), diffusion loss is the major factor for cigarettes constructed from ordinary paper (8) . Diffusion loss is practically independent of the porosity of the paper (9) but the loss decreases with each puff as the area of the paper decreases. 11tese processes account for the increase of CO per puff with butt length or puff number. It is, however, not clear how models based on delivery per puff can be modified to adequately describe the total delivery of CO accumulated at a specific butt length. Perhaps for this reason, empirical yield expressions have been advanced to describe total deliveries (11). 11te conclusion with respect to CO is not easily confirmed from the literature. Although two papers {2, 18) investigate the dependence of eo on puff number, in one paper only is it done at a sufficient number of points to discriminate between the arithmetic and logarithmic models (19) . A plot of log CO delivery vs. puff number for Rickard and Owen's data demonstrates the suitability of the logarithmic relationship over the arithmetic particularly for larger puff numbers. Data on HCN delivery published by Newsome, Norman and Keith (20) provide no convincing evidence that a logarithmic model is superior to an arithmetic one. Perhaps the fact that HCN is distributed over both the particulate and gas phase contributes to the corn~ plexity of its dependence on butt length. On the other hand, if the form of the functional dependence of HCN delivery on butt length is different for different brands, this could also explain the fact that neither linear nor log linear models provide an adequate model for the regression of average HCN delivery on butt length (Tables 2 and 3 ). In any event additional experimentation is necessary before an adequate model for HCN delivery can be confirmed.
SUMMARY
It should be emphasized that the major conclusion of this paper is not that any particular parameter is linear on any particular scale, but that there are highly sig~ nificant differences in slope, intercept and perhaps even linearity between brand groups and even brands within groups. In fact, although several brands do seem to be adequately linear on either arithmetic or logarithmic scales they very clearly do behave differently from each other. 11tere is also quite strong evidence that condensate and nicotine are not linear on the same scale, with condensate being approximately linear on the logarith-mic scale and nicotine approximately linear on the arithmetic scale. On the basis of the above it is quite clear that the ranking of brands on the basis of measured value of any parameter will depend strongly on the butt length at which the parameter was measured.
It is therefore apparent that international comparison of deliveries requires redetermination of deliveries at the new butt length standard rather than mathematical manipulation using a single functional relationship. '11te form of a suitable functional relationship for HCN cannot be ascertained from the present study and will require additional experimentation. '11te statistical design and analysis proved worthwhile in model discrimination for the other three parameters. 
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